We investigated the association of the NRG1 gene and schizophrenia using meta-analytic techniques, combining all published data while restricting our analysis to studies investigating the most commonly reported single marker (SNP8NRG221533). We also investigated whether ancestry (European vs East Asian) and study design (family-based vs case-control) moderated any association. We found no evidence for an association of SNP8NRG221533 with schizophrenia, and significant between-study heterogeneity, which persisted when familybased studies were combined separately. However, when haplotype-based P-values were combined, there was evidence in support of an association of NRG1 with schizophrenia, and no evidence of between-study heterogeneity. Our meta-analysis provides support for the association of NRG1 with schizophrenia, but indicates that firmly establishing the role of NRG1 gene in schizophrenia by genetic association requires much larger sample sizes than have hitherto been reported. Association analyses and replications should take place at the level of the gene, rather than at the level of SNP, haplotype, or functional variant. Meta-analysis would then be carried out on the basis of the combination of P-values.
Schizophrenia is a severely disabling psychiatric disease that affects up to 1% of the population worldwide. 1 It is now well established that susceptibility to schizophrenia is influenced by genetic factors, and over recent years significant progress has been made towards identification of specific alleles that confer risk. 2 Association studies of candidate genes, both positional (i.e., located in genomic regions linked to schizophrenia) and functional (e.g., involved in brain development, synaptic connectivity and neurotransmission), have revealed several promising candidates which are thought might contribute to disease liability, such as dysbindin (DTNBP1), 3 neuregulin 1 (NRG1), 4 G72, 5 a regulator of G-protein signalling 4 (RGS4), 6 catechol-O-methyl transferase (COMT), 7 proline dehydrogenase (PRODH), 8 metabotropic glutamate receptor 3 (GRM3), 9 protein kinase AKT1 (AKT1) 10 and disrupted-in-schizophrenia 1 (DISC1). 11 Despite growing support for these associations, a substantial number of studies have failed to replicate the positive findings. This may be the result of insufficient power to subsequently detect the original effect, lack of linkage disequilibrium (LD) between the susceptibility allele and SNPs used in the population under study, genetic heterogeneity or a true lack of association. 12 Some reports also suggest that the genetic basis of familial and sporadic schizophrenia is different, as has been proposed for DTNBP1 13 and NRG1.
14 Of the candidate schizophrenia susceptibility genes so far identified, only two, COMT and NRG1, map to the two genomic regions (22q and 8p) identified in both recent meta-analyses of genome-wide linkage scans. 12 The functional COMT Val158Met polymorphism has been investigated in multiple studies for association to disease, but with equivocal results. A meta-analysis of the association between the functional COMT Val158Met polymorphism and schizophrenia case status suggested that the association may be moderated by study sample ancestry, 7 although a more recent meta-analysis failed to find any evidence for this, and did not find strong evidence for association. 15 NRG1 was first suggested as a candidate susceptibility gene for schizophrenia in a linkage study carried out in Iceland. 4 The gene is large, consisting of at least 15 alternative transcripts spanning B1.4 Mb. 16 In the original association study of NRG1 and schizophrenia, 4 a haplotype of five SNPs and two microsatellites was significantly over-represented in patients compared to controls. Of the markers typed and included in the haplotype, one (SNP8NRG221533: a T > C single nucleotide polymorphism) was the single most significant SNP.
Since the initial report, there have been numerous studies assessing association between schizophrenia and the original 7-marker NRG1 'high-risk' haplotype 4 (referred to as HAP ICE ), as well as with other sequence variants in the gene. The original 7-marker haplotype, 4 and a 3-marker haplotype, has been found to be associated with schizophrenia in a Scottish casecontrol study 17 and in a small sample of familial cases in a mixed North European case-control sample, 14 while this association has not been replicated in a large Irish family sample 18 and a Japanese casecontrol study. 19 However, two studies performed in East Asian samples, one case-control and trio sample, 20 and one case-control sample only, 21 confirmed association to the same 5 0 portion of NRG1. The former suggested association to a different version of HAP ICE , comprising the same markers but different alleles, 20 while the latter could not be compared directly owing to non-overlapping marker sets. 21 A European case-control study initially showed association with a haplotype overlapping HAP ICE at the 3 0 end, and covering a novel EST cluster in intron 1 (HAPB IRE ), 22 although in a more recent report with an extended sample the association was no longer observed. 23 Finally, a recent study found no association in two geographically-distinct trio samples of European ancestry with any single SNP from HAP ICE , 24 although a 4-marker haplotype comprising markers thereof (SNP8NRG241930, SNP8NRG243177, 478B14-848, 420M9-1395) showed nominal significance in one sample.
More recently, studies incorporating markers located elsewhere in the NRG1 gene have provided evidence that other regions may also be associated with schizophrenia, and raise the question of long-range LD as a factor to be considered. In one report, where SNP8NRG221533 showed significant association with schizophrenia in a large East Asian trio sample, even stronger association was seen with markers located in exon 2 and intron 5, in a separate haplotype block covering the main body of the gene. 25 However, the overtransmitted 38Arg allele of the exon 2 cSNP was found to be undertransmitted in an independent Chinese sample of trios and bios, 26 and no significant difference in frequency between 38Gln or 38Arg was observed between cases and controls. Two recent reports, one in a European case-control and trio sample, 16 and one in an East Asian family and casecontrol sample, 27 demonstrated association with markers in three distinct blocks of LD spread throughout the gene, with some differentiation between familybased vs case-control samples as to the strength of the association. In an attempt to investigate the hypothesis that clinical heterogeneity may underlie inconsistency in replication, Bakker and co-workers 28 examined NRG1 markers of HAP ICE for association with schizophrenia in European patients with and without deficit syndrome, compared to controls, and found the non-deficit group to be significantly associated for 2 HAP ICE markers SNP8NRG221533 and 478B14-848, but with different risk alleles than in the original reports. 4, 17 An increasingly common phenomenon among genetic association studies is therefore emerging for NRG1 and schizophrenia, where, while no single causative allele has yet been identified that confers susceptibility to schizophrenia, some studies demonstrate association of disease with a variety of haplotypes located throughout the gene, 17, 20, 21 and others do not. 18, 19 Overall, there is now substantial support both for and against genetic variation in NRG1 contributing to susceptibility to schizophrenia. The differences in allele frequencies, regional LD patterns and schizophrenia-associated risk haplotypes between various studies and ancestry groups (e.g., European vs East Asian) suggests that there may be more than one functional variant in a region spanning several hundred kilobases, and substantial allelic heterogeneity at the NRG1 locus. If NRG1 variation contributes only modestly to the overall risk of developing the disease, it is also possible that false negative findings are included in the body of data now available.
We therefore attempted to combine all published data on the association of NRG1 and schizophrenia using meta-analytic techniques, restricting our analysis to studies investigating the most commonly reported single marker (SNP8NRG221533), which was also that most strongly associated in the original study. 4 We also investigated whether this association differs between individuals of differing ancestry (European vs East Asian), and depends on the study design employed (family-based vs case-control). Finally, given the limitations associated with investigating a single marker, we combined haplotype-based P-values from included studies, to investigate the evidence for association at the level of the NRG1 gene. 29 
Methods

Selection of studies for inclusion
Case-control and family-based genetic association studies of the NRG1 gene in healthy control groups and clinically diagnosed schizophrenic patients were included. Studies reporting data on either single-sex or both male and female participants of any ethnic origin were included. Studies with data for only schizophrenic patients, with no corresponding healthy controls, were excluded. The principal outcome measure was the allele frequency odds ratio (OR) for the SNP8NRG221533 polymorphism and schizophrenia case status. The secondary outcome measure was the haplotype P-value for the strongest reported haplotype association with schizophrenia case status.
Search strategy
The search was performed on three databases: PubMed, PsycInfo and Medline. These databases were searched from the first date available in each database up to 31st December 2005, using the search terms 'schizophrenia', 'NRG1', 'neuregulin'. Once articles had been collected bibliographies were then hand-searched for additional references.
The abstracts of studies identified by these search strategies were then examined with reference to the inclusion and exclusion criteria. Duplications were deleted, and the whole text of each reference was then checked to further establish whether the study met the study inclusion criteria. Studies that reported previously published data were excluded.
Data extraction
For each study, the following data were extracted using standard forms: (1) Author(s) and year of publication; (2) Methods (country of origin, dominant ancestry of sample, case and control sample size, diagnostic criteria for schizophrenic case status, statement of Hardy-Weinberg equilibrium, method of genotyping); (3) Data (allele frequency in control and case groups, mean age, sex ratio, haplotype Pvalue). Ancestry was coded as European, East Asian, African, or Mixed. Discrepancies were resolved by mutual consent.
Statistical analysis
Odds ratios and their s.e. for individual studies were calculated from 2 Â 2 tables in a case/control format. For the family-based trio data, the cases came from the affected children and data for the controls was based on the difference between the parents and child using the approach of Kazeem and Farrall. 30 When a single study included both case-control and familybased data, or samples drawn from distinct populations, these were considered as separate study samples.
Pooled ORs were calculated using fixed effects and random effects approaches, 31 and the significance of the pooled OR determined using a Z-test. Data were initially analysed within a fixed effects framework, using inverse variance methods, which assumes that the effect of allele frequency is constant across studies, and between-study variation is due to random variation. This assumption was checked using a w 2 test of goodness of fit for homogeneity. Where there was evidence of a significant association in the presence of significant between-study heterogeneity, a random effects framework was employed, using DerSimonian and Laird methods. 31 This assumes that between-study variation is due to both random variation and an individual study effect. Random effects models are more conservative than fixed effects models and generate a wider confidence interval.
Stratified analyses were conducted to assess any moderating effects of ancestry (European, East Asian) and study design (case-control, family-based), and the difference in pooled OR compared using a Z-test. The OR of the first published study was compared to the pooled OR of the remaining studies using a Z-test, as there is evidence for a substantially greater estimate of effect size in the first published study. 32 Each individual study was systematically removed separately from the meta-analysis in a sensitivity analysis, to determine whether any single study disproportionately influenced the results of the meta-analysis. Publication bias was assessed by means of a funnel plot of individual study log OR against 1/s.e. log OR, and formally by means of Egger's test, 33 which is based on a weighted linear regression of log OR on s.e. log OR, where the weights are inversely proportional to the variance of log OR.
We combined the lowest (i.e., most highly significant) individual haplotype P-values reported in individual studies by first transforming them to Zstatistics and then pooling using a Stouffer method, 34 either unweighted or weighted by sample size, to ascertain evidence for association of NRG1 with schizophrenia at the level of the gene rather than the individual SNP. The selection of haplotypes for inclusion was based solely on the strongest result reported in each study.
Data were analysed using the S-Plus (Version 6.1) statistical software package.
Results
Description of studies
A total of 14 studies published between 2002 and 2006, comprising nineteen independent samples, were identified by the search strategy, met the inclusion criteria and contributed to the meta-analysis. Each sample was included independently in the analysis. The characteristics of these samples are described in Table 1 . Two studies that did not utilize NRG1 SNP8NRG221533, 21, 26 one study that investigated schizotypal personality in adolescents, 37 and one study that did not report allele frequencies 38 were excluded.
Eleven samples reported data on participants of predominantly European ancestry, seven on participants of predominantly East Asian ancestry, and one on participants of predominantly African ancestry. Six samples included a statement of Hardy-Weinberg equilibrium, while a further six samples reported data that enabled formal testing of whether SNP8NRG221533 genotype frequencies deviated significantly from Hardy-Weinberg Equilibrium. In two samples, there was evidence of deviation. 25, 28 Nine samples used DSM-IV criteria for assessing schizophrenia case status, while four used either DSM-IV or DSM-III-R criteria, three used DSM-III-R criteria only, one used ICD-10 criteria and one used RDC criteria. In one case, the diagnostic criteria used were not stated.
Meta-analysis
When all samples (k = 19) were included there was no evidence for association of NRG1 SNP8NRG221533 allele frequency and schizophrenia case status (Z = 1.57, P = 0.116, OR = 1.04, 95% CI 0.99-1.10). There was evidence of significant between-study heterogeneity (w 2 [18] = 51.13, P < 0.001).
Stratified analyses
When samples that recruited participants of predominantly European ancestry only were included (k = 11) there was no evidence for association of NRG1 SNP8NRG221533 allele frequency and schizophrenia case status (Z = 1.60, P = 0.108, OR = 1.06, 95% CI 0.99-1.14). There was evidence of significant between-study heterogeneity (w 2 [10] = 29.41, P = 0.001). When samples that recruited participants of predominantly East Asian ancestry only were included (k = 7) there was no evidence for significant association of NRG1 SNP8NRG221533 allele frequency and schizophrenia case status (Z = 0.88, P = 0.380, OR = 1.04, 95% CI 0.95-1.13). There was evidence of significant between-study heterogeneity (w 2 [6] = 15.98, P = 0.014). The difference in pooled OR between samples that recruited samples of predominantly European ancestry and those that recruited samples of predominantly East Asian ancestry was not significant (Z = 0.39, P = 0.699).
When samples that employed a family-based study design only were included (k = 6) there was no evidence for significant association of NRG1 SNP8NRG221533 allele frequency and schizophrenia case status (Z = 0.30, P = 0.761, OR = 1.02, 95% CI 0.91-1.14). There was evidence of significant between-study heterogeneity (w 2 [5] = 16.55, P = 0.005). When samples that employed a case-control study design only were included (k = 13) there was no evidence for association of NRG1 SNP8NRG221533 allele frequency and schizophrenia case status (Z = 1.62, P = 0.104, OR = 1.05, 95% CI 0.99-1.12). There was evidence of significant between-study heterogeneity (w 2 [12] = 34.57, P < 0.001). The difference in pooled OR between samples that employed a family-based design and those that employed a casecontrol design was not significant (Z = 0.51, P = 0.610). When one case-control sample that recruited cases from high density families 18 was excluded the results did not change substantially (Z = 1.55, P = 0.123), and the between-study heterogeneity remained significant (P < 0.001).
Sensitivity analysis
The results of the fixed-effects meta-analysis remained non-significant when each study was systematically removed from the analysis, with the exception of two studies 27, 28 where removal rendered the association of SNP8NRG221533 with schizophrenia significant (P < 0.05). In both cases, there remained evidence of significant between-study heterogeneity (P < 0.001), and when the analysis was re-run within a random effects framework the evidence for association was non-significant (P > 0.4).
In addition, when two studies 25,28 that reported SNP8NRG221533 genotype frequencies which deviated significantly from Hardy-Weinberg Equilibrium were removed from the analysis, the result of the main analysis did not alter substantially (Z = 1.67, P = 0.095, OR = 1.05, 95% CI 0.99-1.11).
Date of publication
When the first published study 4 was removed from the analysis there was no evidence for association of NRG1 SNP8NRG221533 allele frequency and schizophrenia case status (Z = 0.91, P = 0.365, OR = 1.03, 95% CI 0.97-1.08). There was evidence of significant between-study heterogeneity (w 2 [17] = 45.53, P < 0.001). The difference in OR of the first published sample and the pooled OR of remaining samples was significant for both fixed effects (Z = 2.44, P = 0.014) and random effects (Z = 2.52, P = 0.012) models. In addition, publication date was significantly negatively correlated with the individual sample log OR (r s = À0.59, P = 0.007), indicating larger reported effect sizes of SNP8NRG221533 in earlier published studies. A plot of publication date against individual sample log OR is presented in Figure 1 .
Publication bias
A funnel plot of individual sample log OR against 1/ s.e. log OR is presented in Figure 2 . This did not indicate any evidence of publication bias. Egger's test also did not indicate any evidence of publication bias (P = 0.060).
Haplotype analysis
Combining the most highly significant haplotype P-values reported in individual studies indicated a significant association of NRG1 with schizophrenia in both the unweighted (P = 0.020) and weighted (P = 0.016) analyses. There was no evidence of significant between-study heterogeneity (w 2 [17] = 20.94, P = 0.229).
Analyses separately stratified by study design and ancestry, and excluding the first published study, all remained significant (P < 0.05) in both the unweighted and weighted analyses, and in all cases there was no evidence of between-study heterogeneity (P > 0.08).
Removing the two studies 25, 28 that reported SNP8NRG221533 genotype frequencies which deviated significantly from Hardy-Weinberg Equilibrium did not substantially alter the results of either the unweighted (P = 0.022) or the weighted (P = 0.024) analysis.
In addition, publication date was not significantly correlated with the haplotype P-value (r s = þ 0.36, P = 0.135), indicating no association between publication date and statistical significance of reported haplotype associations. A plot of publication date against individual haplotype P-value is presented in Figure 3 .
Haplotype blocks that have been reported to be significantly associated with schizophrenia in the included studies are presented in Table 2 . Figure 1 Individual sample log OR and publication date. Individual sample log ORs are presented, plotted against publication date. Correlational analysis indicates a significant negative association between publication data and log OR (P = 0.007), suggesting a trend towards a smaller log OR for the SNP8NRG221533 polymorphism over time. Figure 2 Individual sample log OR and 1/s.e. log OR. Individual sample log ORs (effect size) are presented, plotted against 1/s.e. log OR (accuracy). Ascertainment bias (e.g., caused by publication bias) would be evidenced by asymmetry in this plot. Egger's test indicated no evidence of ascertainment bias (P = 0.060). Figure 3 Individual haplotype P-value and publication date. Individual haplotype P-values, corresponding to the strongest reported haplotype association of NRG1 with schizophrenia in an individual study, are presented, plotted against publication date. Correlational analysis indicates no association between publication data and haplotype P-value (P = 0.135). 12 Our metaanalysis of studies reporting data on SNP8NRG221533 does not support the existence of an association between this individual marker and the illness. However, when haplotype-based P-values were combined there was evidence of significant association of the NRG1 gene and schizophrenia, which was robust to the removal of the first published study and stratification by both study type and sample ancestry. The removal of studies which reported SNP8NRG221533 genotype frequencies that deviated significantly from Hardy-Weinberg Equilibrium did not alter these results substantially.
In the case of the single-marker analysis, we could not discern any variable that accounted for the observed between-study heterogeneity. Heterogeneity was still observed when studies employing familybased designs were combined separately, and when studies recruiting participants of European and East Asian ancestry were considered separately, which suggests that population stratification is not the sole explanation for this heterogeneity. One possible source of between-study heterogeneity is the difference between studies in the genotyping completion rate; allele and genotype frequencies from called samples may differ from those in the entire sample. Unfortunately it was not possible to test this possibility directly, as not all studies systematically report the genotyping completion rate. We did find evidence of a significant difference between the effect size estimate in the first published study compared to the pooled OR for subsequent studies, and there was a significant negative correlation between date of publication and log OR reported. This is consistent with evidence that initial reports of genetic association typically provide a substantially greater estimate of effect size than later attempts to replicate the association, 32 although this may be misleading as in relatively recently-published studies conducted in China reported associations tended to be with more 3 0 markers. When studies that recruited samples of predominantly European ancestry and studies that recruited samples of predominantly East Asian ancestry were analysed separately, there was no evidence for significant association in either case, and no evidence for a significant difference in pooled ORs between these two groups of studies. Although there was no formal evidence of publication bias, Egger's test did approach statistical significance, and it should be noted that this is a relatively weak test, suggesting that there may be publication bias present.
In the case of the haplotype-based analysis, the association of NRG1 remained significant when casecontrol and family-based studies were analysed separately, and when samples comprising participants of predominantly European ancestry and predominantly East Asian ancestry were analysed separately. In all cases there was no evidence of between-study heterogeneity, and there was no significant correlation between haplotype P-value and publication date. Although we only included studies that reported data on the SNP8NRG221533 marker, it should be noted that this criterion resulted in the exclusion of only two studies.
These results argue against the possibility that SNP8NRG221533 'tags' a risk haplotype, but suggest that variation in the NRG1 gene is associated with schizophrenia risk. Meta-analytic techniques require the combination of comparable data, which was only possible for SNP8NRG221533, due to the use of disparate marker sets across studies. While it would have been theoretically possible to have combined individual SNP data for multiple SNPs, it is unclear how informative this would be without compelling evidence for a single SNP 'tagging' a haplotype block. Most studies of NRG1 find association with haplotypes, rather than with individual SNPs, which, although potentially capturing more of the genetic variation within the locus, and increasing the likelihood of 'tagging' a functional variant, raises issues of what should be considered a replication. Nevertheless, our haplotype-based analysis supports the candidature of NRG1 as a schizophrenia risk gene, and does not suggest that this association is moderated by ancestry. Several of the haplotype blocks reported to be associated with schizophrenia overlap substantially with the original HAP ICE block, which implicates the 5 0 end of the gene, suggesting that altered mRNA expression or splicing may mediate this association. 40 However, it should be borne in mind that NRG1 encodes approximately 15 separate proteins, with a diverse range of functions in the brain, and any one of these might conceivably influence susceptibility to schizophrenia. 40 Our meta-analysis can only partially help to resolve the inconsistent genetic association findings so far published; new ways of combining haplotype-based association results are required, and, ideally, analyses of much larger sample sets. It is likely that current studies are under-powered to detect genetic effects of modest magnitude. While the original finding that the SNP8NRG221533 variant 'tags' the NRG1 risk haplotype was not supported by our meta-analysis, we did find support for the association of NRG1 with schizophrenia, suggesting that analyses at the level of the SNP, specific haplotype, or functional variant may not be as reliable as analyses at the level of the gene. Therefore, as suggested by Neale and Sham, 29 association analyses and replications should take place at the level of the gene, rather than at the level of SNP, specific haplotype, or functional variant. Meta-analysis would then be carried out on the basis of the combination of P-values, as originally proposed by Fisher. 41 It remains to be seen whether this approach will support the candidature of susceptibility genes in schizophrenia.
